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For certain complex superconducting systems, the superconducting properties get
enhanced under mesoscopic point contacts made of elemental non-superconducting
metals. However, understanding of the mechanism through which such contact in-
duced local enhancement of superconductivity happens has been limited due to the
complex nature of such compounds. In this paper we present giant enhancement of
superconducting transition temperature (Tc) and superconducting energy gap (∆) in
a simple elemental superconductor Zr. While bulk Zr shows a critical temperature
around 0.6 K, superconductivity survives at Ag/Zr and Pt/Zr point contacts up to 3 K
with a corresponding five-fold enhancement of ∆. From first principles calculations
we show that the enhancement in superconducting properties can be attributed to a
modification in the electron-phonon coupling accompanied by an enhancement of the
density of states which involves the appearance of a new electron band at the Ag/Zr
interfaces.
Superconductivity emerging at the interfaces between
two non-superconducting materials[1–4] and surprising
enhancement of superconducting properties at meso-
scopic interfaces has attracted significant attention re-
cently. The examples include (but, not limited to) (a)
SrTiO3/LaAlO3[5], where an interfacial 2D electron gas
superconducts at sub-kelvin temperatures, (b) point con-
tacts on FeSe and Sr2RuO4 , where a several-fold en-
hancement of Tc is observed[6–13], and (c) point contacts
made on topological semimetals, where a robust super-
conducting phase is seen to emerge[14, 15]. In all these
cases, achieving a clear understanding of the mechanism
through which the enhancement/emergence of supercon-
ductivity happens remained elusive. The complex nature
of these systems in terms of their band structure and the
exotic electronic properties that they display makes the
goal of such understanding non-trivial. However, obser-
vation of a similar effect in a simple elemental system is
expected to facilitate such an understanding.
In this paper, we demonstrate an almost five-fold
enhancement of the critical temperature in mesoscopic
point contacts[16–18] made on a very simple elemental
superconductor Zr. Pure Zr shows a critical temperature
around 0.57 K [19, 20] in it’s bulk form. Under point
contacts on Zr made with pure elemental metals like Ag
and Pt, the superconducting transition temperature dra-
matically increases to approximately 3 K. This increase
is accompanied by a corresponding increase in the su-
perconducting energy gap. Observation of such a dra-
matic enhancement in superconducting properties at the
mesoscopic interfaces made on a simple elemental super-
conductor is expected to provide useful information that
might be useful in understanding the effect. We have
attempted to understand the enhancement of Tc in su-
perconducting Zr point contacts by first principles cal-
culations. Based on our calculations we conclude that
in case of Zr, the enhancement can be attributed to two
factors: (a) a significant enhancement of the DOS at the
Fermi surface which is also associated with the emergence
of a new electron-band at the Fermi surface, and (b) a
substantial increase in the electron-phonon coupling[21]
under the point contacts, as compared to bulk Zr.
The low-temperature experiments were performed in a
He3 cryostat working down to 500 mK using a home-built
point-contact spectroscopy probe. The probe is equipped
with a piezo walker that facilitates fine adjustment of
the tip-sample distance. The entire measurement system
including the tip and the sample go to the center of a
solenoidal magnet working up to 7 Tesla. In Figure 2 we
show point contact spectra obtained for (a, c) Ag/Zr and
(b, d) Pt/Zr point contacts. At the lowest temperature
(0.5 K), the dI/dV vs. V spectra show a central peak
followed by two dips symmetric about V = 0. These
spectral features indicate that the point contact is in the
thermal regime of transport where the dips appear due
to the critical current of the superconducting point con-
tacts. All these features systematically evolve with in-
creasing magnetic field and the features disappear at 1.6
K for Ag/Zr point contacts and at 2.3 K for Pt/Zr point
contacts. Temperature dependent measurements of the
normal state resistance of these point contacts reveal su-
perconducting transitions at 1.6 K (for Ag/Zr) and 2.8 K
(for Pt/Zr) respectively (refer to Figure 1). These val-
ues are significantly larger than the known bulk critical
temperature of Zr (0.57 K). The transition temperature
goes down with increasing magnetic field, as expected for
superconducting point contacts. We believe, for Pt/Zr
point contacts, the spectral features disappear at a tem-
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2perature lower than the resistive transition temperature
due to associated thermal broadening of spectral features.
The spectral features shown in Figure 2 (a, b) also fade
away with increasing magnetic field.
FIG. 1. Resistance versus temperature (R−T ) curves for (a)
Ag/Zr and (b) Pt/Zr point-contacts showing systematic drop
of the superconducting transition temperature with varying
applied magnetic field.
Though the critical temperature of the supercon-
ducting point contacts can be accurately estimated
from the thermal regime data presented above, for
the determination of superconducting energy gap (∆),
the experiments must be performed in the ballistic
or diffusive regime of transport where energy resolved
spectroscopy is possible through Andreev reflection
spectroscopy. We have driven the point contacts away
from the thermal regime by reducing the diameter of the
point contacts in-situ. As shown in Figure 3 (a) and (c),
we have obtained data in a regime where clear features
(two conductance peaks symmetric about V = 0)
associated with Andreev reflection appear. These data
have also been fitted well by the model developed by
Blonder, Tinkham and Klapwijk (BTK)[22]. The BTK
fits reveal a superconducting energy gap of 0.51 meV
for Pt/Zr point contacts indicating ∆/kBTc = 1.74,
FIG. 2. Temperature dependence of thermal limit spectra
on (a) Ag/Zr and (b) Pt/Zr point-contacts. Magnetic field
dependence of thermal limit spectra on (c) Ag/Zr and (d)
Pt/Zr point-contacts.
FIG. 3. (a) Temperature dependence of the intermediate
regime spectra on Pt/Zr point-contact. (b) Temperature de-
pendence of the superconducting gap amplitude extracted
from fitting the data following the BTK theory. (c) Mag-
netic field dependence of the intermediate regime spectra on
Pt/Zr point-contact. (d) variation of the superconducting gap
amplitude with magnetic field strength extracted from fitting
the data following the BTK theory.
which is consistent with weak-coupling BCS prediction
confirming that even above the bulk Tc of Zr, the super-
conducting region confined under point contact remains
conventional in nature. The Andreev reflection spectra
evolve systematically with both temperature (Figure
3 (a)) and magnetic field (Figure 3 (b)). BTK analysis
3FIG. 4. Band structures and the corresponding density of states of (a) hcp-Zr and (b) hcp-Zr/Ag-tip. While two hole like
bands crosses the Fermi level for hcp-Zr, an electron pocket appears due to the introduction of Ag-tip. The Zr-DOS at EF
is increased by ∼62% due to Ag tip insertion. The corresponding Fermi surfaces are shown in (c)-(f). The hole pocket in
hcp-Zr/Ag-tip is larger in size, and the electron pocket at K-point are connected by a tubular network..
of the temperature dependent spectra confirm the BCS
temperature dependence of the superconducting energy
gap. The superconducting energy gap also decreases
systematically with increasing magnetic field (Figure
3 (d)).
To understand the microscopic origin of the giant en-
hancement of Tc under mesoscopic point contacts on
Zr, we have conducted first principles based calcula-
tions. Electronic structure calculations were performed
within norm-conserving Troullier-Martins pseudopoten-
tial scheme [23] and local-density approximation [24, 25]
implemented in QUANTUM ESPRESSO code. [26] The
Kohn-Sham wave functions and charge density were ex-
panded in the plane wave basis with energy cutoffs of
60 and 240 Ry. Structures were fully relaxed until the
forces on each atom were smaller than 10−4 Ry/A˚ us-
ing 12×12×8 Monkhorst-Pack k-mesh [27] with 0.02 Ry
Methfessel-Paxton smearing for electronic state occu-
pancy. [28] Highly dense k-point grid of 60×60×60 was
used to calculate Fermi surfaces. Dynamical matrices are
calculated on a 6×6×4 q-mesh in the Brillouin zone us-
ing density functional perturbation theory (DFPT). [29]
Further, the electron-phonon (e − p) coupling was cal-
culated using the electron-phonon Wannier method [30]
as implemented in the EPW code. [31] Maximally local-
ized Wannier functions are constructed on a 6×6×4 k-
mesh using Wannier90 code. [32–34] Finally, fine electron
24×24×16 k-grid and phonon 24×24×16 q-grids with
phonon smearing 0.3 meV were used to calculate Eliash-
berg spectral function.
Phonon mediated superconductivity is well described
by Migdal-Eliashberg theory and the corresponding Tc is
well approximated by the Allen-Dynes modified McMil-
lan formula, [35, 36]
Tc =
ωln
1.2
[ −1.04(1 + λ)
λ− µ∗(1 + 0.62λ)
]
, (1)
where ωln is the logarithmic average of phonon frequen-
cies, λ is the e− p coupling constant and µ∗ is Coulomb
pseudopotential. [37] The Eliashberg spectral function for
the e− p interaction is obtained as, [38, 39]
α2F (ω) =
1
N(EF )
∑
kq,γ
|Gk,k+q,γ |2 δ(k)δ(k+q)δ(ω−ωq,γ),
(2)
where N(EF ) is the electronic density of states (DOS)
at the Fermi level, ωq,γ is the phonon frequency of wave
vector q and mode γ. The |Gk,k+q,γ | is the e− p matrix
element for the scattering of electron between states
with momenta k and k+ q at the Fermi level. Further λ
and ωln are obtained using α
2F (ω) as λ = 2
∫ α2F (ω)
ω dω
and ωln = exp[
2
λ
∫ α2F (ω)
ω ln(ω)dω].
We first discuss the picture for pure hcp-Zr, and sub-
sequently investigate the effects of elemental Ag-tip. In
Figure 4 (a), the decomposed band structure of hcp-Zr
along the high-symmetry directions of Brillouin zone in-
dicate two hole-like bands centered at the Γ-point, which
4FIG. 5. (a) Calculated Eliashberg spectral function α2F (ω)
and λ(ω). In addition to increased spectral weight, availabil-
ity of many phonons to couple with electrons enhance e − p
coupling under Ag-tip. (b) An order of magnitude increase in
the Fermi surface nesting function ξq for all q-vectors inside
the Brillouin zone contribute to increasing λ(ω →∞).
TABLE I. Measured and calculated superconducting tem-
perature using the Allen-Dynes modified McMillan formula,
which is substantially enhanced under metallic point contact
through increase in e− p coupling. The theoretical Tc is cal-
culated using µ∗=0.18.
λ Tc (K)
Theory Experiment
hcp-Zr 0.52 0.51 0.57
hcp-Zr/Metallic tip 0.87 3.52 3.2
originate mainly from the Zr-d orbitals, while the Zr-p
contribution at the Fermi level is negligible. These two
bands become doubly degenerate at A-point. The corre-
sponding Fermi surface (FS) consists of two cylindrical
hole like sheets (Figure 4(c), (d)) and the electronic DOS
at EF is found to be 1.84 states/[eV·unit-cell] (Figure
4(a)). The introduction of Ag-tip substantially perturbs
the Zr band structure (Figure 4(b)), which comprises of
three hole pockets and one electron pocket. While the
electrons around K-point and the hole pocket at Γ are
comparable in size, the hole pockets between A − L are
found to be much smaller. Further, the size of the hole
pocket at Γ is larger in size (Figure 4(e)) compared to
pure-Zr, and the electron pockets at K are connected by
a tubular network (Figure 4(f)). Due to the insertion
of Ag-tip, the Zr-DOS at EF is increased by about 62%
to 2.98 states/[eV·unit-cell] (Figure 4(b)). In contrast,
a small contribution of 0.46 states/[eV·unit-cell] is con-
tributed from the Ag-tip. Next, we compare the phonon
dispersion and DOS without and with the tip (supple-
mental material). We do not observe any kinetic insta-
bility due to Ag-tip insertion, and interestingly observe
softening of the acoustic modes and the additional ap-
pearance of many optical modes in the presence of tip.
In order to quantify the interaction between electrons
and phonons, we calculate α2F (ω) and total e − p cou-
pling λ(ω → ∞), which are shown in Figure 5(a). In
addition to increased spectral weight, more peaks in
α2F (ω) between 5-25 meV indicate more phonons to cou-
ple with electrons and enhance e − p coupling. Fur-
ther, we have calculated the Fermi surface nesting func-
tion ξq =
∑
k δ(k)δ(k+q). [40, 41] For all q-vectors in-
side the Brillouin zone, the calculated ξq is substantially
enhanced under the influence of Ag-tip [Figure 5(b)].
Thus, increased electronic DOS, phonon softening along
with increased phonon DOS, and substantial increase in
ξq together contribute to increase in λ. Consequently,
λ(ω → ∞) is increased by ∼ 67% to 0.87 for the hcp-
Zr/Ag-tip from 0.52 in pure hcp-Zr, which leads to sub-
stantial enhancement in the superconducting tempera-
ture (Table).
In conclusion, we have shown that superconductivity
of Zr gets dramatically enhanced under metallic point
contacts. We observed a giant five-fold enhancement
of superconducting critical temperature with an associ-
ated enhancement of superconducting energy gap. Our
first principles calculations indicate that the enhance-
ment is caused by enhanced density of states and altered
electron-phonon coupling under the metallic point con-
tacts.
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